Characteristics of vertical wind profiles (VWPs) in precipitating clouds were studied over western Sumatera (or Sumatra) Island of the Indonesian maritime continent during the first Coupling Process VWPs were precisely measured with the EAR directly in precipitating clouds, which were identified using simultaneous XDR observation. A super-cloud cluster (SCC) system of the intraseasonal variation (ISV) onset phase was examined as a case study. The SCC consisted of three cloud clusters (CCs), which were further partitioned into convective and stratiform cloud regions based on the XDR reflectivity fields. Vertical winds varied greatly in time and height according to variations in the reflectivity fields. Although the VWPs for each CC showed quite scattered variations in time and height, they had significant dependence on the corresponding 10 dBZ radar echo top heights (H 10 dBZ s). Spectral representations of vertical wind and reflectivity profiles, which were stratified by H 10 dBZ heights, showed the following distinct characteristics: 1) Convective spectra were divided into two groups by H 10 dBZ ¼ 10 km. The shorter spectra had massive reflectivity, especially in the lower height with upward currents; the taller spectra had a gentle reflectivity profile with significant upward currents around H 10 dBZ and apparent downward currents below 8 km in height. 2) Spectra for stratiform clouds were partitioned into three groups by H 10 dBZ ¼ 6 and 8 km. Beside the shortest group of shallow stratiform clouds, bright band signs were intensified as the H 10 dBZ increased in the taller two groups. The heights of the maximum upward currents above their bright bands also increased too with the heights of H 10 dBZ .
Introduction
Vertical wind profiles (VWPs) are a fundamental parameter of the dynamic and thermodynamic characteristics of precipitating clouds; VWPs play an important role throughout the entire life cycle of cloud systems and are an essential factor in the latent heating process that warms and/or cools the surrounding atmosphere (Houze 1982) . Vertical winds that are produced by active convections may cause atmospheric gravity waves to propagate upward to the stratosphere and also play a major dynamic role in the generation of quasi-biennial oscillation (QBO; Baldwin et al. 2001) . Although the vertical wind in precipitating clouds is an important parameter for various kinds of meteorological studies, direct vertical wind measurements are quite difficult. Several indirect methods estimate vertical winds based on an ''equation of continuity'' using data that include rawinsonde sounding arrays, dual Doppler radar observations, and numerical model simulations. Although these traditional methods have successfully calculated vertical winds with physical consistency, they also have several disadvantages, particularly relating to temporal and spatial resolutions for resolving sub-grid scale convections (rawinsonde sounding arrays), zero corrections for vertical winds (O'Brien 1970) at the tropopause (rawinsonde sounding arrays) or radar echo top heights (dual Doppler radars); limitations also occur in calculating vertical winds outside radar echo envelopes (dual Doppler radars) and physical parameterizations (numerical model simulations).
Very high frequency (VHF: 30-300 MHz) atmospheric radars can overcome the difficulty of measuring vertical winds in precipitating clouds. VHF atmospheric radars were developed in the 1970s for middle atmospheric research and since the 1980s have also been used to study precipitating clouds in the troposphere. These radars can detect three components of wind velocity in the troposphere as a whole, not only for clear sky condition but also in precipitating clouds, separate the raindrop falling speed (Balsley and Gage 1980; Fukao et al. 1985) . As well as VHF atmospheric radars, ultrahigh frequency (UHF: 300-3000 MHz) atmospheric radars have also been used to examine precipitating cloud systems in the tropics as wind profiler and/or vertical pointing radars. Although UHF radars observe mainly the troposphere (below about 5 km for 1.3 GHz, 10 km for 900 MHz, and 15 km for 400 MHz radars) and although it is often difficult to separate vertical air motion from the raindrop falling speed, these radars have proven to be powerful tools in studying the diurnal to intraseasonal variations of precipitating cloud systems and related wind circulations in the maritime continent region (Hashiguchi et al. 1995; Renggono et al. 2001; Seto et al. 2004) .
Studies using VHF atmospheric radars have revealed unique characteristics of the vertical wind structure in precipitating clouds over tropical areas such as Gadanki (13.5 N, 79 .2 E; Jagannadha Rao et al. 2002), Pohnpei (7 N, 157 E; Balsley et al. 1988) , and Christmas Island (2 N, 157 W; Gage et al. 1991) . However, the data in these studies were averaged over long time periods, and the precipitating cloud systems were identified using simple techniques, such as classification only based on surface rainfall intensity at the radar site, even though the cloud systems varied greatly within short periods. Numerous studies have found that precipitating cloud systems in the tropics have notable variations in diurnal, intraseasonal, and seasonal (monsoonal) modes, as well as disparate characteristics in each mode and phase, for example rainfall amount and intensity, duration, stratiform and convective rainfall fractions, and raindrop size distributions (DSDs), based on radar and related observations in various regions (Madden and Julian 1994; Ohsawa et al. 2001; Takayabu 2002; Kozu et al. 2005) . The VWPs in these cloud systems also apparently had considerable dissimilarity in modes and phases, which may also have created differences in associated latent heating profiles. Indeed, latent heating profiles in precipitating clouds are considerably different between convective and stratiform precipitating clouds, which are characterized by unique vertical profiles of various hydrometers (ice and water) and the VWPs within them (Tao et al. 1993) . As a result, it is widely known that typical latent heating profiles in convective clouds show heating throughout the cloud height, and those in stratiform clouds show heating (cooling) above (below) the melting layer height.
Estimating VWPs in precipitating clouds is a key issue in the retrieval technique for latent heating profiles using radar-observed data. The Precipitation Radar Heating (PRH) algorithm (Satoh 2004; Satoh and Noda 2001) calculates latent heating profiles in precipitating clouds based on a thermodynamic retrieval technique using Tropical Rainfall Measuring Mission (TRMM) satellite Precipitation Radar (PR) data. Although this algorithm can produce a three-dimensional latent heating map over the globe without any numerical model simulated output data, it does require implicit estimations of VWPs. In this algorithm, the VWPs are estimated by a cubic function to obtain realistic profiles for both convective and stratiform clouds. The coefficients of the cubic function require a rainfall type (convective, stratiform, and anvil), a cloud top height, a bright band height, a cloud bottom height in anvil regions, and a total surface rainfall amount. Maximum and minimum heights of vertical winds are also essential, as well as a height of vertical wind equaling zero, to determine the cubic coefficient (Satoh and Noda 2001) . It is important therefore to validate the VWPs estimated by the PRH with those observed by other independent methods, such as observations by VHF atmospheric radars in combination with groundbased microwave volume-scanning weather radars.
In 2001, a VHF atmospheric radar called the Equatorial Atmosphere Radar (EAR) was installed at an equatorial mountainous region of Sumatera (or Sumatra) Island, Indonesian maritime continent (Fukao et al. 2003) ; this radar functions in conjunction with an automatic weather station (AWS), boundary layer radar (BLR), X-band rain radar (XRR), X-band Doppler radar (XDR), and other ground-based equipment (Fukao 2006) . Previous and ongoing studies using these instruments, as well as intensive rawinsonde soundings and satellite observations, have revealed several unique and interesting characteristics of precipitating cloud systems over this region, such as a diurnal land-sea rainfall peak and cloud cluster migrations Sakurai et al. 2005) , diurnal variations in precipitable water associated with local circulations (Wu et al. 2003; Sasaki et al. 2004) , multi-scale interactions of convections and vertical wind variations associated with intraseasonal variation/oscillation (ISV/ISO; Seto et al. 2004; Shibagaki et al. 2006a) , and type classifications of precipitating clouds and associated DSD variations (Renggono et al. 2001; Kozu et al. 2005) . The VWP characteristics of precipitating cloud systems, however, have not yet been studied at sufficient temporal and spatial resolutions over this region or other tropical regions; this is despite the importance of VWPs in the dynamical and thermodynamical processes of precipitating clouds and in interactions with surrounding environments through latent heat releasing processes. This paper discusses the VWP characteristics in tropical precipitating cloud systems. Simultaneous observations by the EAR and XDR were used to directly measure vertical winds and identify precipitating clouds, respectively, and to clarify relationships based on cloud types, radar reflectivity profiles, and radar echo top heights. This case study was conducted as part of the latter part of the first Coupling Process in the Equatorial Atmosphere (CPEA) campaign period (10 April-09 May 2004; Fukao 2006) . Section 2 describes the data used in this study, including various radar, satellite, rawinsonde sounding, and surface-measurement data, as well as the analysis methods. Section 3 documents the synoptic environments during the first CPEA campaign period, results of the 23-24 April 2004 case study, and various characteristics of the VWPs detected directly with the EAR in relation to the XDR-observed radar reflectivity properties. In section 4, reflectivity spectra and VWPs are discussed in comparison with the global precipitation spectra observed by the TRMM satellite and VWPs calculated by the traditional method using the rawinsonde sounding array during the campaign period, respectively. Section 5 provides the conclusions.
Data and methods
2.1 Large-scale cloud structures over the eastern Indian Ocean and Sumatera Island The equivalent black body brightness temperature (T BB ) of cloud tops observed with the Geostationary Operational Environmental Satellite-9 (GOES-9) infrared-1 (IR-1) sensor (10.2-11.2 mm) were used to capture the largescale structures of cloud disturbances during April and May 2004; data were provided by the Japan Meteorological Agency (JMA) through Kochi University, Japan. The T BB data had spatial and temporal resolutions of 0:05 Â 0:05 and 1 hour, respectively. These resolutions were suitable for tracing cloud movement and development associated with eastward propagating ISV over the eastern Indian Ocean and Sumatera Island (70 E-120 E).
Equatorial atmosphere radar (EAR)
The EAR, installed in June 2001 at Kototabang (KT: 0.20 S, 100.32 E, 865 m above mean sea level [MSL] ) on Sumatera Island, Indonesia, is a VHF (47 MHz) atmospheric radar system that can observe three-dimensional wind profiles directly up to a height of approximately 20 km with temporal and vertical resolutions of 1.5 min and 150 m, respectively, in both clear air and precipitating clouds (Fukao et al. 2003) . Accuracies of the vertical and horizontal wind measurements are approximately 0.08 m s
À1
and 0.5 m s À1 , respectively, for the standard observation mode in the troposphere and stratosphere (Yamamoto et al. 1988) . The beam width of the EAR is 3.4
, and the horizontal scales at the zenith angle are 300 m (5 km above MSL) to 1200 m (20 km above MSL) in diameter. Figure 1 shows the surface topography of Sumatera Island (left panel) and a detailed representation of the area around the EAR location (right panel). In this study, horizontal winds were calculated using 10-min averaged EAR data from the campaign period; fine temporal resolution (1.5 min) data were then used to examine detailed variations in vertical winds within precipitating clouds.
X-band Doppler radar (XDR)
The XDR, installed at Sungai Puar (0.36 S, 100.41 E, and 1121 m above MSL) approximately 20 km southeast of the EAR (Fig. 1) , observed reflectivity and radial Doppler velocity fields of precipitating clouds around the EAR simultaneously during the study period (Kawashima et al. 2006) . The XDR had a range of 83 km (see Fig. 1 ) and a volume scan mode (17 elevation angles from 0.6 to 40.0 ). Temporal and range resolutions of the reflectivity and radial Doppler velocity were 4 min and 250 m, respectively, during the campaign period. The reflectivity and radial Doppler velocity were interpolated over Cartesian coordinates with grid intervals of 0.5 km (321 Â 321 grids in a 160 km Â 160 km square) in the horizontal and 0.5 km in the vertical (39 levels from 2.12 to 21.12 km above MSL). To remove the effect of ground clutter, data within 1 km above the ground level were not used in this study. Precipitating clouds were partitioned into convec-tive and stratiform regions using the technique of Steiner et al. (1995) , and echo top heights were determined by the 10 dBZ envelope (hereafter referred as H 10 dBZ ).
Surface meteorology and rawinsonde
soundings at Kototabang Surface precipitation, temperature, relative humidity, and wind direction and speed were observed with an automatic weather station (MAWS201; Vaisala, Vantaa, Finland) at the Kototabang Global Atmosphere Watch (GAW) station (located 300 m from the EAR) of the Indonesian Bureau of Meteorology and Geophysics (BMG). The minimum sensitivity for the rainfall amount measured with a tippingbucket rain gauge (QMR101 precipitation sensor; Vaisala) was 0.2 mm, and the temporal resolution for all monitored parameters was 1 min. Intensive rawinsonde soundings were conducted at 3-6 hour intervals during the study period at Kototabang, Jambi Kodama et al. 2006) . These sounding systems provided vertical profiles of pressure, temperature, humidity, and horizontal wind with a height resolution of approximately 10 m.
Results

Outlines of convective activities during the
campaign and April 23-24 case study periods Figure 2a shows a time-longitude cross section of T BB observed by GOES-9 averaged over 2 S-2 N between 8 April and 12 May 2004. Three major super-cloud clusters (SCCs) passed over Sumatera Island (95 E-105 E) with an average speed of 8 m s À1 during the latter part of the campaign period. The intervals between each SCC were approximately 6 days. Because the series of eastward propagating SCCs were identified as principal features of the ISV, the former (10-22 April) and latter (23 April-08 May) parts of the campaign period were defined as ISV inactive and active phases, respectively (Shibagaki et al. 2006b ). Corresponding zonal winds in the lower troposphere (2.15-2.30 km above MSL) observed with the EAR and daily surface rainfall (Figs. 2b and 2c, respectively) showed simultaneous strong westerly winds (5-10 m s À1 ) with passing SCCs and heavy rainfalls of 25-40 mm day À1 (except for SCC-2). SCC-1 (23-24 April 2004) was selected as a case study because it brought the heaviest daily rainfall during the campaign period (Fig. 2c) . Moreover, SCC-1 had the longest period (approximately 9 hours for SCC-1, 3-5 hours for SCC-2 and SCC-3) of strong reflectivity fields (>40 dBZ) observed by the XDR, even though all the SCCs had similar periods (18-24 hours) of weak reflectivity fields (>10 dBZ) at the plane of 3 km above MSL (Kawashima et al. 2006 ). This suggests that SCC-1 was well organized and had stratiform and convective clouds, as compared to the other SCCs that had more (less) regions of stratiform (convective) clouds.
Temporal-longitudinal and -latitudinal cross sections of XDR reflectivity fields (3 km above MSL) around the EAR are shown in Figs. 3a and 3b, respectively, to outline variations in the SCC-1 cloud systems (12 LT 23 April-06 LT 24 April; LT: Local Time ¼ UTC þ 7 hours). SCC-1 over the EAR was partitioned into three cloud clusters (CCs), CC-1, -2, and -3, as noted in the figures. CC-1 and -2 were generated over inland area above 500 m near the mountainous region and moved slightly to the northwest (or were almost stationary). These clusters extended their coverage to approximately 20-30 km in diameter with moderate to strong reflectivity (>30 dBZ) and lasted 1-2 hours from the local afternoon through the evening. In contrast, CC-3 first formed over the inland region, similar to CC-1 and -2, and then grew larger than 80 km in diameter after combining with other convections from the seashore region. CC-3 was composed of several small cells with strong reflectivity (>40 dBZ) to the eastern side of the EAR from 19-22 LT, as depicted in Fig.  3a , and extended greatly with a weak echo field (>10 dBZ) from 20-04 LT. Although the strong reflectivity cells in CC-3 stayed over the mountainous region (around 100.4 E; see Fig. 3a ) where they had generated, the broad weak echo region traveled a long distance northwestward more than 80 km during the late night through the early morning of the following day.
Vertical winds and radar reflectivity
profiles in SCC-1 a. Sequential variations of vertical winds, radar reflectivity, and horizontal winds Figure 4a shows the sequential variations of the cloud-type flags in SCC-1 (12 LT 23 April-06 LT 24 April); the flags indicate convective (1), stratiform (2), and other (3) cloud types, as identified by the XDR reflectivity fields (Steiner et al. 1995) . Figure 4b shows the vertical cross sections of vertical winds (color shaded), radar reflectivity envelopes (black solid lines), and cloud top heights (blue solid lines) corresponding to SCC-1. The cloud top heights were derived from T BB observations by GOES-9, which were calibrated using rawinsonde soundings at Kototabang during the study period (T BB data were lacking between 20-22 LT). Figure 4c shows vertical cross sections of relative humidity (color shaded) and horizontal wind vectors in SCC-1. Based on the cloud-type flags, SCC-1 could be further partitioned into three pairs of convective (CV) and stratiform (ST) regions: CV (ST)-1, -2, and -3.
The GOES cloud top heights followed the variation in radar reflectivity envelopes and were indicated to be 2-5 km higher than the 10 dBZ echo top heights, except for in the CV-1 region. Strong upward currents were dominant in most of the CV regions around their echo top envelopes, and moderate downward currents were found in the middle to lower heights of these echoes, even though the heights and shapes of the radar echo envelopes apparently differed. The reflectivity envelopes and vertical winds of the ST-1 and -2 regions were quite patchy and unclear; however, the ST-3 region had large and long-lasting gentle reflectivity envelopes and upward currents above 5 km that extended up to the GOES cloud top height (10-12 km) above the 10 dBZ reflectivity envelopes. At the same time, small and almost uniform downward currents existed below 5 km in ST-3. Horizontal winds (Fig. 4c) for CV-1 through ST-2 were almost calm below 6 km and showed easterly components at approximately 10 m s À1 above this height. Relative humidity in the lower layer below 3 km increased after 15 LT and then deceased gradually through CV-3 and ST-3. Horizontal winds near the surface (below 3 km) tended to be westerly and increased after 21 LT (CV-3 through ST-3). Those in the middle layer (4-6 km) were weak and southerly in the ST-3 region but moderate to strong (10-20 m s À1 ) and southeasterly to easterly in the upper layer (7- 12 km). The humidity in the lower layer decreased gradually through CV-3 to ST-3.
b. CFADs of vertical winds and radar reflectivity Contoured frequency by altitude diagrams (CFADs) of vertical winds and radar reflectivity, and their averaged profiles, are shown in Fig. 5 for all CV and ST regions. In the following subsections, the characteristics of vertical winds are reexamined in terms of radar reflectivity profiles, such as echo top heights, intensities, and shapes.
(1) Convective (CV) regions
The CFAD of vertical winds for CV-1 (Fig.  5a ) had a bimodal structure with two gentle peaks of upward currents at 9-13 km and 4-5 km. While the average vertical wind in CV-1 was less than 0.5 m s À1 , a percentage of winds reached 2.0 m s À1 at both peak heights. The corresponding CFAD of radar reflectivity (Fig.  5b) had a tall and downwardly increasing (constant) structure above (below) 5 km, rather than the bimodal peak structure. As shown in Fig. 4 , vertical winds in CV-1 had apparent upward currents at 9-13 km (13-14 LT) near the (3), as identified by the XDR reflectivity fields. The cloud top heights are derived from T BB of GOES-9, which were calibrated by rawinsonde soundings at Kototabang during the study period (lack of T BB data between 20-22 LT). Vertical and horizontal winds were observed by the EAR. Based on these cloud-type flags, SCC-1 could be further partitioned into three pairs of convective (CV) and stratiform (ST) regions: CV (ST)-1, -2, and -3. echo top envelope and at 4-5 km (around 14 LT) in the center of the shallow reflectivity core; these features may have led to the bimodal VWPs for the CV-1 region. In the CV-2 region, the CFAD of reflectivity (Fig. 5d ) was short at less than 8 km, and vertical wind (Fig.  5c ) had averaged vertical currents of approximately zero above this height. Variations in the CFAD and averaged upward currents for CV-2 (Fig. 5c ) are only shown for below 7 km, which roughly corresponds to the height of the 18 dBZ echo top (Fig. 5d ). For CV-3, the CFAD of vertical winds (Fig. 5e) indicates frequent vertical wind variations reaching 2.0 m s À1 below 8 km (centered at 4-6 km); the averaged profile reached a maximum of approximately 0.5 m s À1 for upward currents. The corresponding reflectivity CFAD (Fig. 5f ) had a tall and massive profile up to 14 km in height and 40 dBZ in maximum, respectively. It is notable that all the CFADs of vertical winds in the CV regions showed sporadic but considerable variations of downward currents (>À1.0 m s À1 ) in the middle to lower parts of the reflectivity envelopes (2-3 km in CV-1, 4-6.5 km in CV-2, and around 2 and 4 km in CV-3), even though the averaged VWPs had positive values (upward currents).
(2) Stratiform (ST) regions
Both the vertical wind and reflectivity CFADs for ST-1 showed quite unclear variation. Vertical currents (Fig. 5g ) had small variation within 0.5 m s À1 for both sides, and the upward/ downward tendency of the averaged profile was unclear. Although the averaged reflectivity profile for ST-1 (Fig. 5h) had a bright band at 6 km in height, the echo top height was relatively short (<8 km), and the CFAD showed quite scattered variation. The CFAD for ST-2 reflectivity (Fig. 5j) showed a taller echo top height than that for ST-1 (Fig. 5h) and a quite gentle peak around 5 km for the averaged profile. In contrast, the vertical winds for ST-2 (Fig. 5i) varied greatly on both the upward and downward sides, similar to those for ST-1 (Fig.  5g) , and the averaged wind profile was approximately zero for all the heights. However, the CFADs for the ST-3 region had a distinct structure. Reflectivity (Fig. 5l) had a tall echo top height up to 14 km and a bright band signature. The vertical wind profile for ST-3 (Fig.   5k ) showed small downward currents below approximately 4 km and upward currents above that height up to 14 km. Although this CFAD concentrated mainly within 0.2 m s À1 for both sides, the maximum downward (upward) currents varied greatly up to À0.5 m s
À1
(1.0 m s À1 ). Figures 6a (6c) and 6b (6d) show radar reflectivity profiles that had 10 dBZ echo top heights (H 10 dBZ s) of 6-12 km and corresponding VWPs for convective (stratiform) clouds, respectively, observed for all the CV and ST regions (13 LT 23 April-04 LT 24 April). The H 10 dBZ s of 6, 8, 10, and 12 km were selected subjectively to demonstrate typical profiles of radar reflectivity and vertical winds, and those profiles for each H 10 dBZ were averaged by 1 km thickness (below 500 m to above 500 m). Because the time observed as convective clouds with H 10 dBZ ¼ 6 km was less than 10 min (approximately 2% of the total data number), these profiles should be treated carefully.
Radar echo top dependency of vertical wind profiles
All the reflectivity profiles for convective clouds ( Fig. 6a) with H 10 dBZ s of 6, 8, 10, and 12 km showed more than 30 dBZ in their maximum and upward decreasing structure above 4-5 km in height. That for H 10 dBZ ¼ 12 km had a gentle peak at 5 km, which looked like a bright band signature even though this reflectivity profile was determined to be convective clouds by Steiner et al.'s (1995) technique. That for H 10 dBZ ¼ 6 km showed an apparent maximum at around 4 km, which may have been a reflectivity core aloft in the developing stage. In Fig. 6c , the reflectivity profiles represent typical stratiform clouds with signs of bright bands, except for the profile for the H 10 dBZ ¼ 6 km. This may have been because the profile represents warm rain clouds, and a downward increasing profile below 5 km suggests that the droplet coalescence process is dominant.
The VWPs for convective clouds (Fig. 6b ) showed the following unique characteristics: 1) Upward currents prevailed from near the surface to the 10 dBZ echo top height when the H 10 dBZ was low (8 km). 2) As the H 10 dBZ increased in height (10-12 km), the heights of upward current centers became higher around the H 10 dBZ . 3) Downward currents emerged below 3 km (6 km) when the H 10 dBZ was 10 km (12 km). In contrast, VWPs for stratiform rains (Fig. 6d) had the following characteristics: 1) Vertical currents did not show distinct characteristics when the H 10 dBZ was low (6 km). 2) Gentle downward (upward) currents occurred below (above) 5 km when the H 10 dBZ were 8-10 km. 3) Upward currents were intensified and concentrated around the 10 dBZ echo top height when the H 10 dBZ height was high (12 km). 4) Downward currents were observed above approximately 13 km (1-3 km above the 10 dBZ echo top heights) when the H 10 dBZ s were high (10-12 km).
Spectral representations of radar reflectivity Reflectivity spectra for convective clouds (Fig. 7a) had distinct profiles, with maxima of more than 30 dBZ for all the H 10 dBZ s. The spectra were partitioned into two parts by the height of H 10 dBZ ¼ 10 km (cumulative frequency of 50%). The reflectivity spectra for H 10 dBZ < 10 km (CV-A) had relatively strong echo fileds (>34 dBZ) from the bottom to approximately 2 km below the H 10 dBZ . Vertical gradients of reflectivity (downward increasing) were great (>À10 dBZ km À1 ) in CV-A. Corresponding VWP spectra (Fig. 7b) showed dominant upward current core, with heights increasing with the H 10 dBZ growth: at the bottom, H 10 dBZ ¼ 6-7 km; at 4-5 km, H 10 dBZ ¼ 7-8 km; and at 6-7 km, H 10 dBZ ¼ 8-9 km. Small upward currents were also observed above H 10 dBZ to approximately 12 km where very weak echoes (<10 dBZ) were observed (Fig.  7a) . However, the reflectivity spectra with H 10 dBZ more than 10 km (CV-B) showed tall but rather flat and gentle characteristics; the maximum reflectivity was less than 34 dBZ in most of the spectra, and the vertical gradients of reflectivity (downward increasing) were less than À5 dBZ km À1 . The VWP spectra in the CV-B had large upward currents concentrated around the H 10 dBZ heights and showed apparent downward currents below 7 km in height. The domain height of the downward currents appeared to increase as the H 10 dBZ increased: below 1 km, H 10 dBZ < 9 km; at 7 km, H 10 dBZ ¼ 9-10 km; and at 10 km, H 10 dBZ 10-12 km, which is almost the two-thirds of the 10 dBZ echo top height. Here, careful treatments are required for the cumulative frequency of 70-90% (H 10 dBZ ¼ 11.5 km) in Fig. 7b because roughly half of the raw VWP data in this region were lacking in CV-3 (roughly 30 min before 23 LT in Fig. 4b) , and the spectra were strongly affected by raw VWP data in CV-1 (roughly 30 min after 13 LT in Fig. 4b ); the cumulative frequency for H 10 dBZ ¼ 11.5 km may be reduced by approximately half (10%) of the original frequency distribution in Fig. 7b .
The spectra for stratiform reflectivity (Fig.  7c) show three different characteristics: shallow stratiform rain (<20% of cumulative frequency; ST-A), anvil rain with a weak bright band sign (20-55% of cumulative frequency; ST-B), and that with a massive bright band in most of the region (55-100% of cumulative frequency; ST-C). The reflectivity spectra in ST-A had a H 10 dBZ of less than 6 km and showed a downward increasing structure below the H 10 dBZ height without a bright band signature. The corresponding VWP spectra (Fig. 7d) showed upward currents very near the surface but their structures were unclear. The reflectivity spectra of ST-B had a H 10 dBZ of 6-8 km with a weak bright band sign. The VWP spectra in ST-B had upward currents of 0.1-0.3 m s À1 above the bright band (5 km) to the height of the H 10 dBZ and intensified as the H 10 dBZ increased. Weak upward currents were also shown above H 10 dBZ , where the reflectivity was below 10 dBZ (gray shading). At the same time, apparent downward currents dominated below the bright band to the bottom in the ST-B region. The reflectivity spectra in ST-C had H 10 dBZ at 8-12 km and a massive bright band signature up to 30 dBZ in the maximum, except in the 92-100% region. Gradients of downward decreasing reflectivity below the bright band in ST-C were greater than those in the ST-B spectra, suggesting much accompanying evaporation in the ST-C region. Corresponding VWP spectra in ST-C showed significant upward currents of 0.2 m s À1 or more in their maximum, and the center of the maximum shifted higher than their H 10 dBZ as they increased. Weak downward currents were observed below the bright band height as well, and sporadic but apparent downward currents were shown coincidently above 13 km in height in the ST-C region.
Although the detailed spectra for each profile differed according to the height of H 10 dBZ , the averaged profile of radar reflectivity (right panel in Fig. 7a ) for convective clouds showed upward decrease above the melting layer height (5-6 km) but remained roughly constant below it. Meanwhile, those for stratiform clouds (right panel in Fig. 7c ) had a weak bright band signature at 5-6 km and a downward decreasing structure below that height. The averaged profile of vertical winds for convective clouds (right panel in Fig. 7b ) showed upward currents for most of the height, and those for stratiform clouds (right panel in Fig. 7d ) had upward (downward) currents above (below) the melting layer (5 km). These characteristics agreed well with typical vertical structures for tropical precipitating clouds because they were smoothed for the whole SCC-1 region (approximately 1 day long).
Discussion
Comparisons with vertical wind profiles
calculated by traditional methods A simultaneous rawinsonde sounding array was set during the latter part of the first CPEA campaign period (10 April-09 May 2004) at seven stations over the western Indonesian maritime continent (Fukao 2006) . Kodama et al. (2006) calculated VWPs using 3-6 hourly rawinsonde soundings over a triangular region called ''Area A: Land.'' This area (9 Â 10 4 km 2 )
is surrounded by Padang (0.88 S, 100.35 E), Jambi (1.60 S, 103.65 E), and Kuala Lumpur (2.73 N, 101.70 E) as shown in Fig. 1a . Although the results from the EAR observations and rawinsonde soundings had quite different scales, comparisons of these VWPs are meaningful for understanding the temporal and spatial variations of VWP characteristics in precipitating clouds.
The VWPs determined by Kodama et al. (2006) showed maximum upward currents of approximately 0.1 m s À1 on 23-24 April during the campaign period. Figure 8 shows sequential cross sections of VWPs and their averaged profiles observed by the EAR (Fig. 8a) and derived from rawinsonde soundings (Fig. 8b ) from 13 LT (06 UTC) 23 April to 07 LT (00 UTC) 24 April 2004. Figure 8a shows the same VWPs as in Fig. 4b , but the data were averaged for every 3 hours to compare with the VWPs derived from rawinsonde soundings. The VWPs in Fig. 8b were calculated using the traditional method detailed by Kodama et al. (2006) . The upward currents shown by the rawinsonde data (Fig. 8b) predominated at all heights around 08 UTC (15 LT) to 16 UTC (23 LT) on 23 April and were centered 6-14 km above MSL (11) (12) (13) (14) ); the upward currents then concentrated at a maximum height of 8-10 km (19 UTC [02 LT 24 April]). Downward currents appeared after 15 UTC (22 LT) and increased in height gradually to 4 km at 00 UTC (07 LT) on 24 April. The maximum upward (downward) currents were 0.12 m s À1 (À0.04 m s À1 ) during the 2 days. Variations in vertical winds observed by the EAR (Fig. 8a) were quite large and changed rapidly even though averaged for 3 hours. The maximum upward and downward currents were much larger (2.0 m s À1 and À1.5 m s À1 in Fig. 4b , respectively) than those calculated from the rawinsonde soundings because of the high temporal and spatial resolutions of the EAR. Major differences in EAR-observed VWPs (Fig.  8a ) compared with those observed by the rawinsonde data (Fig. 8b ) are as follows: 1) The peak times and heights of upward currents were concentrated around 6 km at 20-23 LT (13-16 UTC) in the CV-3 region. 2) Broad downward currents were observed at 4-10 km from 15-18 LT (08-11 UTC) and at 10-12 km from 03-07 LT (20-00 UTC), the upward domain in the rawinsonde VWPs. 3) VWPs were quite patchy above 8 km around 19-22 LT (11-15 UTC), although peak upward currents were observed in Fig.  8b . However, we can see several similarities also existed between these two observation methods: 1) Moderate to weak upward currents occurred above 5 km in ST-3 from 23-07 LT (17-00 UCT) followed by CV-3. 2) Downward currents gradually dominated from the lower height to 4 km in ST-3 during 23-07 LT (17-00 UCT). 3) Averaged VWPs were similar in shape and quantitatively, although those by the EAR showed downward currents in several layers and small variations.
The differences in the two VWPs must have been due to variations of the convective region with high temporal and small spatial scales, while the similarities show that stratiform regions have broad and long-lasting VWP characteristics. This result suggests that vertical wind data observed by the EAR can be used to discuss VWPs in precipitating clouds as well as VWPs derived from traditional rawinsonde sounding arrays in a number of previous studies, if we collect numerous simultane- ous EAR and rawinsonde data for SCCs. At the same time, however, differences in temporal and spatial scales of the phenomena should be noted when we deal with these two datasets, in which the scales of the amplitudes, phases, and physical roles of the vertical winds are quite different. Further investigations of VWPs in precipitating clouds with the EAR and simultaneous dual Doppler radars observations should allow for further comparisons of VWPs in a precipitating cloud system at the same temporal and spatial resolutions.
4.2 Physical interpretation of the spectrum for reflectivity and vertical wind profiles a. Comparison to global observations with TRMM PR The spectrum for reflectivity and vertical wind profiles in this study provide a comprehensive understanding of the SCC structure and characteristics; however, we must note that this was a case study of a 1-day-long observation. Takayabu (2002) showed global spectra of rain profiles using the TRMM PR 2A25 dataset from 1998 to 1999 and clarified characteristics for each cloud type (convective or stratiform) and location (land or ocean). The spectra were stratified by the rain top height of 0.3 mm hour À1 (18 dBZ storm top height; Short and Nakamura 2000) and partitioned into each cloud type by the 2A23 algorithm (Awaka et al. 1998) . Although the physical parameters and partitioning techniques of Takayabu (2002) were different from those in this study (rain and reflectivity profiles, Awaka et al. [1998] and Steiner et al. [1995] , respectively) in these spectra, it is meaningful to examine the unique features of each.
The spectra of the rain profile for convective clouds observed using TRMM PR by Takayabu (2002) had a smooth gradation of rain intensity in the lower height as the rain top heights increased. In comparison, the spectra for convective clouds in this study (Fig. 7a) showed discontinuity and massive reflectivity of more than 34 dBZ when the H 10 dBZ s were lower than 10 km (CV-A). The number of data values in this study may not have been sufficient for statistical study; furthermore, we focused only on a SCC that was well organized. The TRMM makes global observations and captured not only SCCs but also numerous isolated shallow cumuli as well. The reflectivity spectra for convective clouds in this study suggest that a SCC has convective regions that consist of numerous short in height but massive convections in comparison with the global average. Although the convective spectra for the CV-B region in Fig.  7a were similar to those over the land shown by Takayabu (2002) , the gradation of spectra in this study was too coarse to examine in detail.
The spectra of stratiform rain profiles observed by TRMM PR had shallow stratiform fractions of 30% over the land and 50% over the ocean (Takayabu 2002) . The fraction of shallow stratiform clouds in this study (ST-A in Fig. 7c ) was approximately 20%, which is much less than the global average over land. The discrepancy may have arisen because the XDR dataset in this study lacked data below 2 km above MSL, and the EAR is located in a mountainous region (865 m above MSL) over the Equator where shallow stratiform clouds are uncommon compared to areas over the cold ocean and/or wetland areas. However, the spectra for H 10 dBZ of 6-12 km (ST-B and ST-C in Fig. 7c ) had similar structures with those observed by TRMM PR; reflectivity (or rain intensity) below the bright band height increased with H 10 dBZ (the rain top height) until 12 km (8-9 km) but began to decrease at higher H 10 dBZ (rain top heights). This consistency suggests that anvil clouds in a SCC over Sumatera Island have common characteristics with SCCs over the entire tropical region.
b. Some aspects of cloud partitioning techniques We employed the algorithm of Steiner et al. (1995) for the cloud-type classification in this study because the XDR had good scanning capability in the horizontal plane with a high spatial resolution but a poor resolution for vertical reflectivity profiles of 500 m due to an operational malfunction in the range height indication (RHI) mode. The cloud-type classification algorithm uses reflectivity fields in a horizontal plane 3 km in height and diagnoses each echo as convective or not based on the reflectivity intensity and horizontal gradients (or roughness) of the reflectivity fields. As a result, this algorithm does not consider any bright band signature in a reflectivity profile to select stratiform echoes. From the viewpoint of the cloud-type classification technique, there were several unusual signatures for the spectra of the reflectivity profiles, as shown in Fig. 7 . Gentle bright-band-like signatures were shown in the convective spectra (Fig. 7a) at the H 10 dBZ s of 11 km (69%) and 13 km (95%). Corresponding VWP spectra (Fig. 7b) showed slight discontinuity around these H 10 dBZ s; they can also be seen as stratiform VWPs because upward (downward) currents above (below) the bright band height were shown (but not clear). The stratiform reflectivity spectra above H 10 dBZ of 12 km did not exhibit any bright band sign (Fig. 7c ). The VWP spectra had a distinctive structure; major upward currents were observed at 8-10 km and strong downward currents above and below that height. Apparently, this is not a typical VWP structure in stratiform clouds.
All the discrepancies suggest an inadequacy with the Steiner et al. (1995) algorithm for cloud type classification. Several different algorithms have been proposed for cloud-type classification using the vertical profiling method (V-method), which detects the bright band, in combination with the horizontal detecting method (H-method) such as that by Steiner et al. (1995) . For example, the TRMM 2A23 standard product employs the Awaka et al. (1998) algorithm for cloud-type classification; this algorithm combines both the V-method and H-method. However, cloud types should be classified naturally by their internal vertical current structure. From the viewpoint of VWP structures, the convective VWP spectra above the H 10 dBZ of 10 km (CV-B in Fig. 7b ) were also distinctive, showing sporadic but apparent downward currents below 8 km to the bottom. Because reflectivity and vertical wind profiles in convective clouds vary greatly in time and height, the data in convective clouds observed with EAR should be treated with much care. It is interesting that the structure in the CV-B region occupied almost half of the cumulative frequency (approximately 2.6 hours) for convective clouds that passed over the EAR station in a SCC at least in our case study. Hence, stratifying VWPs by the H 10 dBZ height may provide new insights in cloud-type classification if we accumulate greater data for statistical analysis.
Conclusion
Vertical wind profiles in tropical precipitating clouds observed by the EAR were examined in terms of cloud types and echo top heights derived from simultaneous observations by the XDR over western Sumatera Island, Indonesian maritime continent, during the first CPEA campaign period (10 April-09 May 2004) to clarify their properties and provide fundamental information for studying the dynamic and thermodynamic structures of various types of tropical precipitating systems. Results for the first SCC (SCC-1) in the ISV onset phase during the campaign period were examined in detail as a case study.
Here, SCC-1 was divided in three CCs, and they were further partitioned into convective and stratiform cloud regions. Vertical winds varied greatly in time and height according to variations in the reflectivity fields. The CFADs and averaged profiles of vertical winds for each CC showed quite sporadic and scattered variations in both convective and stratiform clouds, as well as a considerable connection to properties of the radar reflectivity profiles. In particular, the vertical distributions of upward and downward currents in precipitating clouds depended significantly on the corresponding 10 dBZ radar echo top height (H 10 dBZ ) for each cloud type. Spectral representations of radar reflectivity and vertical wind profiles stratified by the H 10 dBZ for convective and stratiform clouds were examined to clarify their characteristics and echo top height distributions.
The spectra for those profiles showed distinct characteristics based on the heights of H 10 dBZ as follows: 1) The convective spectra could be divided in two groups CV-A (H 10 dBZ < 10 km, cumulative frequency of 0-50%) and CV-B (H 10 dBZ f 10 km, cumulative frequency of 50-100%). The CV-A spectra had short in height and massive reflectivity up to 40 dBZ especially in the lower height (downward increasing gradient of À10 dBZ km À1 ) with upward currents there. Those in CV-B regions showed tall in height but a rather gentle structure (downward increasing gradient of À5 dBZ km À1 ). Corresponding VWP spectra had a significant upward current around the height of H 10 dBZ and apparent downward currents below 8 km in height.
2) The spectra for stratiform clouds were partitioned into three groups: ST-A (H 10 dBZ < 6 km), ST-B (6 km e H 10 dBZ < 8 km), and ST-C (H 10 dBZ f 8 km) with cumulative frequencies of 0-20, 20-55, and 55-100%, respectively. The ST-A region represented shallow stratiform clouds with unclear VWP spectra. The spectra in the ST-B and ST-C regions had bright band signatures and downward decreasing reflectivity below the melting layer (5 km). The bright bands in the ST-C spectra were rather more significant than those in the ST-B, and the maximum heights of upward currents increased with the heights of H 10 dBZ . 3) Furthermore, although the detailed spectra for each profile differed according to the height of H 10 dBZ , the averaged profiles of radar reflectivity and verticals winds in convective and stratiform clouds agreed with typical profiles for each cloud type as described in previous studies.
We examined the sequential VWPs for SCC-1 observed with the EAR in comparison with those calculated using the rawinsonde sounding array. The detailed structures of VWPs observed with the EAR were quite different from those obtained by the sounding array especially in the convective regions; however, those in the stratiform regions and averaged profiles for the entire SCC-1 agreed well with each other. These findings suggest that vertical wind data observed by the EAR can be used to discuss VWPs in precipitating clouds as well as those derived from traditional rawinsonde sounding arrays by a number of previous studies at least in the stratiform cloud regions.
Comparisons with global observations by TRMM PR were also conducted, and the distinctive characteristics of reflectivity and vertical wind profiles over Sumatera Island were clarified. These distinctive points may have been due to our observation of one case study SCC, which consisted of several short in height and massive convections. The mountainous location of the EAR may also have created condition in which shallow stratiform clouds were uncommon and had lower cumulative frequency, compared to global averages. However, examining the VWP spectra stratified by H 10 dBZ height may provide new insights in cloud-type classification because the vertical current structures should be a primary parameter for classifying the cloud type. In fact, we confirmed several spectra classified as convective or stratiform by the H-method, although these spectra had no typical signature for each cloud type and no clear unique VWP structures.
The results of this study imply that the VWPs in precipitating cloud systems must be considered not as one static typical profile for each cloud type but rather as profiles that can vary greatly, both temporary and spatially, in association with the echo top height structures. Extended statistical studies of VWP spectra in precipitating clouds are also expected in various regions of the tropics. Further investigations should examine VWPs in precipitating clouds with the EAR and simultaneous dual Doppler radar observations to compare their VWPs in a precipitating cloud system at the same temporal and spatial resolutions.
